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Wear due to the sliding contact between a pantograph strip and the contact wire of a railway overhead 
line has three main contributions: (i) a mechanical one, due to friction, (ii) an electrical one, due to 
current flow at the contact area and (iii) that due to electrical arcs related to the power dissipated during 
arc generation. This paper presents a heuristic wear model for the contact wire which accounts for these 
contributions to wear. After a tuning phase with results obtained on a test rig to evaluate wear for the 
“pure copper contact wire—Kasperovski contact strip” coupling, the wear model is used in combination 
with a dynamic electromechanical model to estimate the amount of wear associated with pantograph- 


© 2015 Elsevier Ltd. All rights reserved. 


1. Introduction 


The sliding contact between the pantograph contact strip and the 
catenary contact wire is characterised by electromechanical phenom- 
ena that influence the tribological behaviour of the two bodies. These 
electromechanical phenomena cause wear on the strip and on the 
contact wire, affecting maintenance costs of both the rolling stock and 
the infrastructure. Investigations have been carried out on wear 
behaviour during strip-wire interaction and the development of 
materials for strip and wire in order to permit current collection 
while keeping wear rates acceptable. The reciprocal influence of 
mechanical and electrical wear was discussed in [1] on the basis of 
field observation of the mean wear rate of the contact wire, according 
to traffic, magnitude of current and contact strip material (carbon or 
aluminium). In particular, in |1] the phenomenon of an increase in the 
electrical contribution to wear and a decrease in the mechanical 
contribution as the magnitude of the electrical current increased was 
postulated. Considerations complementary to those presented in [1] 
are made in [2], which reported similar trends in wear rate depen- 
dence on contact force and current intensity. The results obtained 
from a copper disk machine showed that contact force has different 
influences on wear rate depending on the magnitude of the electrical 
current. Sliding speed also is shown to have an effect on sparking and 
arcing levels, because of irregularities at the contact, and consequently 
on the wear rate. A specific focus on arcing was developed in [3-5], 
introducing the electrical discharge energy concept, and in [6] 
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considering an AC current. The wear behaviour of different types of 
contact wire and collector strip material was investigated considering 
a pure carbon contact strip [7], a Cu impregnated carbon strip [3,4], an 
iron based strip [5], special sintered materials [8,9] and reinforced 
Carbon composites [10]. Current intensity, mean contact force and 
arcing are thus generally recognized as mutually influencing factors in 
most of the papers. Most of the research on this topic was carried out 
using laboratory test rigs, where a sliding contact pair was examined 
under different conditions of mean contact force, magnitude of 
electrical current, sliding speed and materials. Data obtained from 
laboratory test refer to steady state conditions where the dynamics of 
the contact force are rather different from those in the pantograph- 
catenary interaction. A procedure for extending laboratory data to 
operating conditions was proposed in [11] and again in [12], where 
wear mechanisms are analysed using wear maps and a model of the 
contact is introduced to estimate the wear rate of the contact strip and 
contact wire. In this paper a heuristic wear model, directly dependent 
on the main operating conditions (speed, contact force and collected 
electrical current) is developed and adapted to a Kasperovski type 
collector strip. The effect of the dynamics of the electromechanical 
interaction on the wear rate of the contact wire is considered. 
Experience of the electromechanical interaction between pan- 
tograph and catenary shows that there are three main contribu- 
tions to the wear rate of strip and wire ({12,13]): (i) the mechanical 
contribution, due to frictional power dissipation; (ii) the electrical 
contribution, due to power dissipation related to the current flow 
at the contact (Joule effect); (iii) the electrical arcs contribution, 
due to power dissipation generated by the electrical arcs that 
occur when the contact dynamics cause a loss of contact. These 
three contributions are not independent and interact closely. 


48 G. Bucca, A. Collina / Tribology International 92 (2015) 47-56 


Moreover, an analysis of the wear mechanisms typical of the 
electromechanical sliding contact between strip and wire has to 
consider the complex tribological condition, which is character- 
ized by high sliding speeds (up to about 80 m/s) and high electrical 
current. This contact condition produces considerable heat in the 
contact zone and on the strip. For the typical strips used in railway 
operation, which are carbon based, the heat generation at the 
contact is mainly related to the passage of electrical current at the 
contact area because of the low value of frictional power dissipa- 
tion. Owing to the complexity of the wear phenomena, the only 
possible way to develop wear models is to use experimental test 
results. The wear rate can be related to the effects of the operative 
parameters: the sliding speed, the electrical current, the contact 
force and, obviously, the material characteristics of the contacting 
bodies. 

One of the most important reasons for developing a wear model is 
to estimate the wear rate in certain conditions of railway operation in 
order to assess, generally in the design stage, the benefits of particular 
solutions especially in terms of maintenance cost reduction. 

In this paper, a heuristic wear model for the contact wire, 
which accounts for the three main contributions to wear, is 
presented. This wear model has been tuned using the results of 
laboratory tests carried out to evaluate the electromechanical wear 
for the “electrolytic copper (Cu-ETP or pure copper) contact wire— 
Kasperovski contact strip” pairing. In particular, the Kasperovski 
contact strip (Fig. 1) is a contact strip with the carbon part encased 
in the copper part on three sides. The width of the Kasperovski 
strip tested is 65 mm while the thickness of the copper sides is 
3 mm (see Fig. 1(b)). 

The wear model has been developed for use in combination 
with a dynamic electromechanical model that reproduces the 
electromechanical interaction between the pantograph and the 
catenary. In this way, the instantaneous values of the contact 
forces and of the electrical current obtained by dynamic simula- 
tion of the electromechanical model are fed into the wear model 
and the amount of the wear for the contact wire is evaluated. This 
procedure aims to reproduce the real conditions that cause 
evolution of wear in the contact wire: in effect, in real operation, 
the dynamics of the electromechanical interaction between pan- 
tograph and catenary significantly influence the wear rate of 
contacting bodies. 

The paper is organized as follows: after a description of the test 
rig used for the experimental tests and an analysis of experimental 
results (Section 2), in Section 3 the wear model is introduced and 
tuned using the experimental results described in Section 2. In 
Section 4 the electromechanical model for the simulation of the 
dynamical interaction between pantograph and catenary is dis- 
cussed. Finally, in Section 5 an application of the procedure to 
evaluate the wear evolution in the contact wire with different wire 
irregularities is presented and the results are discussed. 


2. Experimental tests 


The wear behaviour of the strip-wire couple can be analysed by 
means of experimental tests. In particular, in this paper the “electro- 
lytic copper (Cu-ETP or pure copper) contact wire—Kasperovski 


Fig. 1. Kasperovski contact strip: (a) Overview; and (b) width of the strip and 
thickness of the copper part. 


contact strip” pairing during direct current (d.c.) collection is con- 
sidered. In this section, the test rig used for the wear tests is described 
and the results discussed. 


2.1. The test rig 


The test rig used for the experimental tests reported in this 
work was developed by the researchers of the Department of 
Mechanical Engineering of Politecnico di Milano [11,12,14]. It 
enables the testing of a full-scale contact strip with the following 
test parameters: 


© Sliding speed between strip and wire up to 220 km/h; 

è level of electrical current flowing between strip and wire up to 
1400 A in d.c., 500A in a.c. (alternate current) 162)3Hz and 
350A in a.c. 50 Hz, in order to reproduce the typical European 
railway power supply; and 

© vertical static preload between strip and wire up to 120 N. 


The test rig is composed of a fibre-glass wheel, with a radius of 
2.2 m, rotating around a vertical axis, with a contact wire elastically 
connected along its perimeter by means of 36 flexible supports 
(Fig. 2). The collector strip is mounted on two suspensions connected 
to a platform driven with controlled motion by an a.c. brushless motor 
along the radial direction of the wheel, in order to reproduce the 
relative motion due to staggering of the contact wire (zig-zag motion). 
A ventilation apparatus, which conveys an air flow on the strip—wire 
contact zone at the same speed as the test is also present, and 
reproduces the thermal condition in the contact area, which strongly 
affects the performance of the strip material. The contact force 
between the collector and the contact wire is applied by means of a 
hydraulic actuator mounted on the moving platform. 

The test rig has a measurement set-up to monitor test operating 
conditions. In particular, the vertical and longitudinal components of 
the contact force are measured using load cells, the contact strip 
temperature is measured by a thermocouple placed in the centre of 
the contact strip, in the carbon-copper interface and the vertical 
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Fig. 2. Scheme of the test rig. 
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acceleration of contact strip is measured by means of an accelerometer 
placed on the centre of the contact strip, to verify the contact quality 
from the mechanical point of view. The electrical current and the 
voltage at the contact are also measured. In particular, the latter 
measurement is used to detect contact loss and, consequently, the 
occurrence of electrical arcs: a sudden increase of the voltage is related 
to the increase of the electrical contact resistance during contact loss. 

The wear rate of the strip is estimated from the difference in 
strip mass before and after the test, and the wear rate of the 
contact wire by the difference in thickness after the test. The mass 
of the contact strip is measured with a digital balance accurate to 
0.1 g, and the thickness of the contact wire is measured in 180 
(5 x 36 supports) selected sections along the wire (Fig. 3) using a 
laser system whose composed uncertainty is 3 ym. 


2.2. Laboratory test results 


The wear tests studied the wear behaviour of the interacting strip— 
wire couple for different operating parameters: speed, electrical 
current and static preload. For this reason, two sliding speeds 
(160 km/h and 200 km/h), two levels of static preload (60N and 
90 N) and six levels of electrical current (0 A, 100 A, 200 A, 300 A, 
750 A and 1000 A) were considered in order to investigate the wear 
mechanism in depth. In addition, for the test at 200 km/h, 90 N and 
1000 A, the effect of adding a dynamic force component was studied 
with a test where a sinusoidal variable component with a frequency 
equal to the frequency of passage of pantograph under suspension at 
the test speed for a span length of 60m was added to the static 
preload. The frequency of the dynamic component for the speed of 
200 km/h was 0.93 Hz. With a strip width of 65 mm, the linear 
density of current (an usual parameter adopted in the railway field) 
ranges from 0 A/mm to 15 A/mm. The total number of tests was 18 
and the test sequence is reported in Table 1. Some test conditions 
were repeated, as the test with the static preload equal to 90N, 
electrical current equal to 1000 A and sliding speed equal to 200 km/h, 
in order to verify the repeatability of the results and to obtain more 
data for tuning the proposed wear model using the least square 
method (see Section 3). All tests were performed using Kasperovski 
contact strips and pure copper contact wire. The following figures 
report the main wear results in terms of NWR (Normal Wear Rate) 
index, defined as the ratio between the worn volume (mm?) and the 
sliding distance (km): 


Volworn 


NWR= a) 


The analysis of the experimental results, shown in Figs. 4 and 5 
in terms of NWR as a function of electrical current, shows two 
different wear regimes for both the contact strip and the contact 
wire. For low values of electrical current (up to 200 A) the wear 
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Fig. 3. Selected sections along the wire for the measurement of thickness variation 
of the contact wire. 


Table 1 
The sequence of the wear tests. 


Test number Test speed Static preload Electrical current (d.c.) 
1 160 km/h 60N 300A 
2 750A 
3 90N 300A 
4 750A 
5 200 km/h 1000A 
6 
7 90 N+ dynamics 
8 90N 
9 160 km/h 300A 
10 500A 
11 750A 
12 1000A 
13 300A 
14 OA 
15 100A 
16 200A 
i NWR of Kasperovski strip 
e Fn=60 N, V=160 kmh 
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Fig. 4. Experimental results obtained during laboratory tests: NWR of the Kasper- 
ovski contact strip vs electrical current. 


rate for both contact wire and contact strip is extremely low, while 
for electrical current beyond 300A the wear rate increases. This 
phenomenon can be explained by the fact that a low magnitude of 
electrical current does not produce the conditions that cause 
typical wear mechanisms on the strip—wire contact with high 
electrical current passage (“oxidative wear” and “melt wear” |12]). 

Analysing Fig. 4, it can be seen that, for electrical current greater 
than 200 A, the contact strip presents a wear rate index increasing 
with the current, almost independently of the mean contact force. In 
addition, for the tests carried out with an electrical current of 1000 A, 
it is possible to analyse the effect of the speed value and of the 
dynamic contribution of contact force on the wear rate of contact strip. 
The increase of speed from 160 km/h to 200 km/h produces an 
increase in the NWR of the contact strip of about 15% on average. 
This can be explained by the fact that an increase in sliding speed 
produces an increase of the mechanical contribution to wear (power 
dissipation due to friction is proportional to the sliding speed) but also 
causes an increase in contact force variation due to the dynamics of 
contact strip-contact wire interaction. In this last condition, i.e. for the 
speed value of 200 km/h, the occurrence of contact loss and sub- 
sequent electrical arc generation is higher than at a speed of 160 km/h 
and consequently the NWR of the strip will also be higher. 

Analysis of Fig. 5 shows the NWR of the contact wire depends 
on the contact force for electrical current greater than 200 A. The 
most evident result is that the highest wear rate for the contact 
wire is obtained when the magnitude of the electrical current is 
equal to 300 A and the static preload is equal to 90N, i.e. for this 
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value of the electrical current the NWR of contact wire increases 
with the increase of the mean value of contact force. This is 
because the wear is mainly due to abrasion, since the contact 
temperature is not high enough to melt the materials in the 
contact zone. The tests carried out with electrical current greater 
than 300 A show a lower wear rate, and an increase of the mean 
value of contact force produces in some cases a decrease in wear 
rate. This can be explained considering the combination of two 
main contributions to the wear: mechanical and electrical. These 
contributions interact by means of the contact force and the 
electrical current. The decrease of the mechanical contribution 
with increasing electrical current can be justified by so-called 
“current lubrication” (already described in [2,11,12]|), which 
reduces the abrasive phenomenon typical of dry contact. The 
experimental results confirm that wear of the contact wire is 
caused mainly by three interacting contributions: a mechanical 
one due to friction, an electrical contribution due to the dissipated 
power caused by the electrical contact resistance and that due to 
the electrical arcs generated during contact losses. The three 
contributions are not independent: the mechanical contribution 
depends on the electrical current (“current lubrication” phenom- 
enon) and the mechanical behaviour of the interaction, expressed 
in terms of contact force variation, influences the electrical 
contribution (the electrical contact resistance depends on the 
contact force) and the contribution due to arc generation (arcs 
occur when contact is lost). 

In the following section, a numerical model to determine the 
wear rate of pure copper contact wire is presented: using the 
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Fig. 5. Experimental results obtained during laboratory tests: NWR of the pure 
copper contact wire vs electrical current. 


Table 2 
Variables and parameters present in the wear model of the contact wire. 


experimental results, this wear model was developed considering 
the three contributions described above. 


3. The proposed wear model for the pure copper contact wire 


The study reported in this paper focuses on wear of the contact 
wire, because typically it has a significant impact on the main- 
tenance costs of the infrastructure. The proposed wear model 
presented in this section was developed starting from an in-depth 
analysis of the experimental results on contact wire wear. As 
reported in Section 2, the wear tests on pure copper contact wire 
interacting with a Kasperovski contact strip showed that the wear 
rate of contact wire depends on both contact force and electrical 
current. In particular, with higher contact force values (90 N), the 
wear rate of the contact wire decreases as the electrical current 
increases, while with lower contact forces the opposite happens. If 
the electrical current is 300 A, contact strip wear increases as the 
contact force increases, while for higher values of electrical current 
it can decrease. As already discussed, this can be justified by 
considering that contact wire wear depends on the combination of 
two main wear mechanisms, abrasive wear due to friction and 
melting wear. These two mechanisms interact by means of the 
contact force and the electrical current. Moreover, as described in 
Section 2, the “current lubrication” phenomenon is observed. 

The parametric wear model for the contact wire introduced in 
this section is expressed as a function of the main operating 
parameters and uses coefficients tuned with the experimental 
results by the least square method. The wear model is composed 
of three contributions that represent respectively mechanical 
contribution to wear due to friction power dissipation, the 
electrical contribution due to the Joule effect and finally the effect 
of electrical arcs. The equation of the model is: 


fi, INN (Fai Fma 


Re(Fm) ` È r Vale 
+ kry O —u)+ k UF Ep (2) 


It confirms the assumption of a combined influence of electrical 
current level and contact force [1]. The equation was developed 
taking into account that the mechanical contribution depends on 
the level of the electrical current (the mechanical contribution 
decreases when the electrical current increases because of the 
“current lubrication” phenomenon). The contribution of the Joule 
effect increases with the square of the electrical current and is 


Symbol Meaning Cu-ETP 
Fin Mean value of contact force [N] - 

ky Weight of mechanical contribution to the whole wear 22.4 
ko Weight of electrical contribution to the whole wear 10.3 
k3 Weight of contribution due to electrical arcs to the whole wear 0.4 
a Coefficient of dependence for the mechanical contribution on the electrical current 4.5 
B Coefficient of non-linear dependence of mechanical contribution on the mean value of contact force 18 
Io Reference value of electrical current [A] 500 
I. Nominal electrical current during tests [A] - 

Fo Reference value of contact force [N] 90 

H Hardness of material [N/mm7] 700 
Re Electrical contact resistance between strip and wire (Eq. 3) [Q] - 

V Sliding speed in the tests [m/s] - 

Vo Reference value of sliding speed [m/s] 44.4 
u Decimal fraction value of percentage of contact loss - 

Va Electrical arc voltage [V] 50 
Hm Latent heat of fusion for copper [kJ/kg] 205 
p Density of copper [kg/m?] 8940 
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proportional to the electrical contact resistance, which depends on 
the contact force. In particular, the expression that gives the 
electrical contact resistance R, as a function of the contact force 
Fm for the “pure copper contact wire—Kasperovski contact strip” 
pairing was obtained by earlier experimental tests using the test 
rig described in Section 2 and discussed in depth in [14]. For 
completeness, in Eq. (3) the expression of the electrical contact 
resistance is 

R-(Fm) = 0.013 +0.09 e- 7T“ (3) 
with F,, in newtons and R,, in ohms. The expressions of the first 
and second terms in the Eq. (2) take into account the correlation 
between the mechanical and electrical contributions. 

Finally, the contribution to wear due to the electrical arcs is 
proportional to the power generated by the arcs. In particular, as also 
described in depth in [14], the electrical arc voltage V, typically 
depends on the distance between the strip and the wire during 
contact loss, on the current flowing before the contact loss and on the 
air flow speed across the contact zone, i.e. approximately the train 
speed. In this paper, the contact voltage is considered as a constant 
value and, also after experience in the earlier experimental tests 
reported in [14], its value was fixed at 50 V, a good compromise 
between the simplicity and the reliability of the model. Moreover, the 
use of the least square method ensures agreement between the 
laboratory and the model results. 

The variables introduced in Eq. (2) are described in Table 2. In the 
same table, the numerical values of these variables, obtained by using 
the least square method to fit the experimental results, are shown. 
Parameters k4, kọ and k3 are coefficients that respectively represent 
the contributions to contact wire wear of mechanical, electrical and 
electrical arc phenomena. 

Fig. 6(a) shows the comparison between the results obtained 
with the wear model (red circles) tuned using the least square 
method, and those from experimental tests (blue crosses) as a 
function of the magnitude of the electrical current. Fig. 6(b) shows 
the NWR of the contact wire obtained by the proposed wear 
model as a function of the static contact force and of the electrical 
current. The comparison is made for electrical current greater than 
300 A, because, as explained in the Section 2.2, the experimental 
tests with electrical current in the range 0-200 A show a negligible 
contact wire wear rate. Analysis of Fig. 6(b) shows that the wear 
rate of the contact wire increases mainly for two particular 
conditions: the first when the contact force increases and the 
magnitude of the electrical current is about 300 A and the second 
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when the electrical current increases with values of contact force 
less than about 40 N. In the first condition the current lubrication 
effect is absent and wear is mainly due to abrasion, while in the 
second condition the electrical contribution increases because 
electrical contact resistance increases as contact force decreases, 
and the main wear mechanism is melting wear, as in this 
condition the flash temperature in the contact area is very high. 
Fig. 7(a) shows an example of the effect of the three contribu- 
tions to wear of the contact wire when the electrical current 
varies, the contact force is equal to 70 N, the sliding speed is fixed 
at 200 km/h and the percentage of contact loss is considered to be 
0.05%. As can be observed, the heuristic wear model has been set 
up in order to have a decreasing mechanical contribution and an 
increasing electrical contribution as electrical current increases. 
The electrical arc contribution to the overall wear rate of the 
contact wire increases when the electrical current increases, but it 
has a very low weighting in the overall wear rate because typically, 
in normal operating conditions, the percentage of contact loss is 
very low (the maximum value accepted for high speed lines by 
standard EN50317 “Railway applications—Current collection sys- 
tems—Technical criteria for the interaction between pantograph 
and overhead line” is 0.2%). Fig. 7(b) and (c) shows respectively the 
NWR of the contact wire obtained by the proposed model for four 
different values of the contact force (40 N, 60 N, 80 N and 100 N), 
for a sliding speed of 200 km/h and a percentage of contact loss of 
0.05% and the NWR of the contact wire obtained by the proposed 
model for four different values of sliding speed (80 km/h, 120 km/ 
h, 160 km/h and 200 km/h), for a contact force of 70N and a 
percentage of contact loss of 0.05%. As can be seen, the increase of 
the contact force value has an important impact on wear of the 
contact strip, especially at low magnitudes of the electrical current 
owing to the effects of friction power dissipation and the current 
lubrication effect, while a decrease in the contact force value 
produces an increase of wear on the contact wire for high 
magnitudes of the electrical current, i.e. the contribution of the 
Joule effect becomes predominant. Analysis of Fig. 7(c) shows that 
the influence of sliding speed on contact wire wear is less 
important than that of the contact force. The sliding speed value 
influences contact wire wear at high magnitudes of the electrical 
current, since carbon based contact strips typically have low 
friction coefficient values and their wear performance is influ- 
enced by the temperature at the contact, mainly produced by the 
Joule effect. A higher sliding speed is related to a higher air-flow 
that reduces the temperature at the contact zone. This is why 
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Fig. 6. (a) Comparison between laboratory results of wear rate of the contact wire and results obtained by the tuned wear model as a function of current for the two tested 
static preload (F,,=60 N and Fm=90 N); (b) NWR of the contact wire obtained by the wear model as a function of contact force and of electrical current. (For interpretation of 
the references to colour in this figure, the reader is referred to the web version of this article.) 
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Fig. 8. Scheme used for the electrical model of the interaction between pantograph 
and catenary. 


contact wire wear is higher for low values of the sliding speed, 
especially for high magnitudes of the electrical current. 


4. The electromechanical model for the pantograph-catenary 
interaction 


The main aim of this paper is to provide a method, based on 
numerical models, to be used in the design stage to evaluate potential 
improvements in the pantograph-catenary system to reduce contact 
wire wear: only if numerical analysis of suggested improvements 
gives satisfactory results in terms of contact wire wear will they be 
applied and tested in the real system. 

Obviously, to obtain reliable results, it is important to reproduce as 
closely as possible the real conditions, including dynamic interactions 
that significantly affect the contact wire wear rate. As is known, the 


wear rate of the “contact strip—contact wire” coupling depends on the 
main operating parameters (train speed, electrical current, contact 
force), on the materials of the contacting bodies and, as described 
above, on the dynamic interactions between them. In particular, this 
last aspect influences the instantaneous values of contact force, which 
determines the instantaneous value of the electrical contact resistance 
and the percentage of contact loss, and of the electrical current 
flowing in the contact zone. It is clear, then, that analysis of the 
dynamic conditions during the interaction between the pantograph 
and the catenary is fundamental for evaluating contact wire wear. 

To take all these aspects into account, the proposed method 
uses a combination of the wear model presented in Section 3 anda 
numerical model that reproduces the electromechanical phenom- 
ena that occur during dynamic interaction between the panto- 
graph and the catenary. 

The numerical model for the study of the dynamic pantograph- 
catenary interaction is a mathematical model that reproduces the 
dynamic phenomena in a range up to 100 Hz, developed by the 
researchers of the Department of Mechanical Engineering of 
Politecnico di Milano. As described in depth in [15], the model 
was validated using experimental results obtained in in-line tests. 
The overhead equipment (OHE) is modelled by means of tensioned 
beam elements using finite element representation and the 
droppers are modelled as nonlinear elements in order to take into 
account their slackening under compression. The pantograph is 
modelled by using a lumped parameter model for the frame 
combined with a modal representation of the collectors (their 
rigid and deformable modes are considered using the superposi- 
tion modal approach). Finally, the contact model is based on the 
penalty method, tuned to provide the mono-lateral contact 
between contact strip and contact wire correctly [15]. The simula- 
tion of pantograph-catenary dynamic interaction is performed in 
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the time domain, with the possibility of including contact wire 
irregularity. 

To consider the dynamics of electrical current flowing between the 
contact wire and the contact strip, a very simple electrical model was 
introduced. The electrical scheme is shown in Fig. 8 and the model 
considers a pantograph with two contact strips connected in parallel. 
Each contact strip is characterised by the related electrical contact 
resistance Ra(Fmi), which depends on the instantaneous contact force 
Fmi between the ith contact strip and the contact wire according to Eq. 
(3), and by an inductance L,, considered equal for both strips. This 
element has been introduced to take into account the inductive 
behaviour of the electrical arc: in this way, during loss of contact 
between the contact strip and the contact wire, the passage of the 
electrical current is not instantaneously broken off, but has dynamic 
variations. This very simple electrical model produces more realistic 
behaviour for the simulated pantograph-catenary interaction. The 
electrical equations are the following: 


1, +i2 = I = const 
(4) 


Le — 1424 Req (Fi) i1 —Reo(Fma) i2 = 0 


and they are integrated in the time domain to calculate the electrical 
current flowing in each strip (i; and i2). The first equation in (4) means 
that the traction system of the train can be represented as a generator 
of constant current. As discussed in [14], traction controller design is 
typically chosen in order to correlate the traction torque with the 
voltage of the input filter of the electrical drive of the railway vehicle. 
Considering that the electrical power, given by the product of voltage 
and current, is converted into mechanical power, given by the product 
of torque and angular speed, if a constant speed is considered, it is 
possible to consider the collected current as a constant value (for 
further details, see | 141). 

The scheme shown in Fig. 9 explains how the method works: 


(a) the input data are the electromechanical model data, i.e. the 
mechanical data of the “pantograph-catenary” coupling to be 
simulated, contact wire irregularity and train speed; 

the outputs of the electromechanical model, which are the 
inputs for the proposed heuristic wear model, are the contact 
force between the contact wire and each contact strip of the 
pantograph, the corresponding electrical contact resistance 
(calculated using Eq. (3)), the percentage of contact loss and 
the electrical current flowing in each contact strip (obtained 
by the time integration of Eq. (4)); 

once all the parameters needed by the wear model, charac- 
terised by Eq. (2), are known, it is possible to obtain the final 
output, i.e. the wear rate of the contact wire, which gives the 
contact wire's wear in terms of worn area and contact wire 
thickness. The latter variable defines the new irregularity 
state of the wire and can be used to start a new cycle of the 
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procedure to assess the evolution of contact wire wear in a 
fixed period of operation. 


5. An application of the method presented: the effect of wire 
irregularity on the evolution of contact wire wear 


In this section, an application of the method for estimating wear 
evolution of the contact wire, described in the previous sections, is 
presented. The pantograph-catenary coupling analysed has been the 
one typically used in d.c. Italian railway operation, i.e. the 3 kV ATR95 
pantograph, with two Kasperovski contact strips, and the C440 
catenary. The simulated catenary is composed of two contact wires 
with a section of 100 mm? and mechanical tension of 10 kN and of 
two messenger wires with a section of 120 mm? and a mechanical 
tension of 11.25 kN (the total section of the catenary is 440 mm?). A 
60m span length was considered. In Fig. 10, a scheme of the 
simulated catenary for a single span is shown. In the simulation, the 
deformability of contact strip was considered and the maximum 
length of the tensioned beam element of contact wire was 0.25 m in 
order to reproduce the dynamic interaction between pantograph and 
catenary at high frequency. In particular, in the analysis the maximum 
frequency contribution considered for the contact force was 100 Hz. 
During simulation, 600 m of catenary, i.e. 10 spans, and a constant 
value of the total collected electrical current, equal to 2000 A, were 
considered. 

Since the aim of the analysis is to assess contact wire wear 
evolution, considering the electromechanical dynamics of interaction 
between pantograph and catenary in order to consider the variability 
of conditions in real operation, the simulations were performed 
considering the nominal train speed, chosen for this analysis as 
200 km/h, and a variation of + 3 km/h from the nominal value. More- 
over, the six spans in the middle of the simulated track for each 
simulated vehicle speed were used to create a statistical sample (then 
composed of 18 spans) in order to better reproduce the variability of 
real conditions. The first two spans and the last two spans were not 
taken into account to avoid boundary effects in the simulation results. 

The application of the method presented in this work concerns the 
effect of wire irregularity, i.e. defects in the laying in terms of variation 
of catenary height along the line before operation, on the wear 
evolution of the contact wire. Three different conditions were 
analysed: (i) no wire irregularity, (ii) low level of wire irregularity 
and (ili) high level of wire irregularity. The high level of wire 
irregularity comes from a real measurement of the height of catenary 
in bad conditions while the low level of wire irregularity was defined 
as 25% of high level wire irregularity. 

As shown in Fig. 9, to assess the wear evolution of the contact 
wire, the method is applied repeating the procedure and each 
time modifying the wire irregularity input, which is obtained by 
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Fig. 9. Scheme of the procedure to obtain the wear rate of the contact wire using the proposed method. 
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multiplying the thickness of contact wire after wear and the number 
of pantograph passages. This last parameter is calculated as the 
product of pantograph passages a day and number of days in which 
it is possible to hypothesize a constant evolution of contact wire. In 
order to analyse the effect of the time interval value, in terms of days, 
on the wear evolution of the contact wire, two time interval values 
were considered just for the simulation without contact wire irregu- 
larity: 2 months, corresponding to 6000 pantograph passages, and 
6 months, corresponding to 18,000 pantograph passages. After show- 
ing some examples of contact force results for the two contact strips 
of the pantograph in the six spans considered (track space between 
120 m and 480 m) and the corresponding electrical contact resistance 
and the electrical current flowing in each contact strip (Fig. 11), the 
effect of the different time interval value considered to assess the 
wear evolution of the contact in correspondence of two particular 
sections, i.e. under suspension and at midspan, is shown (Fig. 12). 


An analysis of Fig. 12 shows that the hypothesis of constant 
wear rate evolution for the time interval of 6 months produces in 
36 months a higher wear value of about 20% for the section under 
suspension and 6% for the section at midspan with respect to the 
time interval of 2 months. For this reason, in order to avoid 
inaccuracies in the final results due to an incorrect hypothesis of 
constant wear rate evolution, for the simulated conditions with 
wire irregularity a time interval of 2 months was used. 

Results of the effect of contact wire irregularity on contact wire 
wear evolution are shown in Fig. 13. Also in this case, the contact 
wire's worn areas for the section under suspension and for the section 
at mid span are shown. The first point to note is the different values of 
the worn area of the contact wire obtained for the section under 
suspension and for the section at midspan: for each wire irregularity 
considered in the present analysis, wear of the contact wire is always 
higher for the section under suspension. This is explained by 


Fig. 10. Scheme of a span (60 m length) of the C440 simulated catenary. 
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Fig. 11. Example of contact force results for the two contact strips (top) and of the corresponding electrical contact resistance (middle) and collected electrical current 


(down). 
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Fig. 12. Comparison between the worn area evolution of the contact wire under suspension (a) and at midspan (b) using two different time interval steps: 2 months (red 
curve) and 6 months (blue curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 13. Comparison between the worn area evolution of the contact wire under suspension (a) and at midspan (b) for different initial condition of the level of the contact 


wire irregularity. 
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Thickness Evolution of the Contact Wire at midspan 
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Fig. 14. Comparison between the thickness evolution of the contact wire under suspension (a) and at midspan (b) for different initial condition of the level of the contact 


wire irregularity. 


considering that along the span the stiffness of the contact wire 
changes, decreasing non-uniformly, owing to the presence of drop- 
pers, from the suspension to the midspan. Under suspension the high 
value of wire stiffness produces a variation in the contact force that 
can be either a contact loss or a high value of contact force, causing 
faster wear evolution of the wire. This behaviour is proved also by 
experience of real operation. The wear results in the analysis 


presented show higher values of worn area for the section under 
suspension of about 20% and 30% with respect to the section at 
midspan. 

From an analysis of Fig. 13, the effect of wire irregularity on the 
wire's worn area value both for sections under suspension and at mid 
span is very evident: the difference between the case without wire 
irregularity and with low wire irregularity is less than 10% in the worn 
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area value, while the case with a high level of wire irregularity 
produces an increase in the wire's worn area of about 35-40% with 
respect to the case with low level of wire irregularity for both sections 
considered. This is explained by the high variation of contact force 
produced by high contact wire irregularity, which causes significant 
wear of the wire with respect to catenary in ideal conditions. 

Analysing the corresponding evolution of thickness of the 
contact wire (Fig. 14) the same comments can be made, though 
the variation of this parameter is less important than the worn 
area. Indeed, the maximum thickness variation of the wire is in the 
section under suspension where, with a high level of wire 
irregularity, a decrease of 10% in wire thickness is estimated 
compared to the case without wire irregularity. 


6. Conclusions 


In this paper an experimental investigation of contact wire wear in 
the “Kasperovski contact strip—pure copper contact wire” coupling in 
d.c. current operation was presented. A heuristic wear model, whose 
parameters are tuned using laboratory test results, considering 
mechanical, electrical and arcing contributions interacting with each 
other, was proposed. This model defines the relationship between the 
wear rate of the contact wire and the main parameters of current 
collection (sliding speed, contact force, electrical current) and can be 
used in combination with a numerical model that simulates the 
dynamics of the electromechanical interaction between pantograph 
and catenary. The combined use of these numerical models can 
evaluate the evolution of wear on the contact wire. During the 
analysis, the variability of train speed and of the contact conditions 
were considered in order to obtain a statistical sample for the analysis 
of wear along the span. As an example, in this study the procedure 
was applied to evaluate the effect of the wire irregularity, i.e. the effect 
of defects in the laying in terms of variation of height of catenary 
along the line before operation, on the wear evolution of the 
contact wire. 

The procedure presented can be used in the design stage for the 
evaluation of potential improvements in the pantograph-catenary 
system that could reduce the wear rate of the contact wire: only if the 
improvements numerically analysed provide satisfactory results will 
they be applied and tested in the real system. 


References 


[1] Borgwartd H., Verschleiß Verhalten des Fahrdraht der Oberleitung. Elektrische 
Bahnen; 1989. 

[2] Klapas D, Benson FA, Hackam R, Evison PR. Wear in simulated railway 
overhead current collection systems. Wear 1988;126:167-90. 

[3] Kubo S, Kato K. Effect of arc discharge on wear rate of Cu-impregnated carbon 
strip in unlubricated sliding against Cu trolley under electric current. Wear 
1998;216:172-8. 

[4] Kubo S, Kato K. Effect of arc discharge on the wear rate and wear mode 
transition of a copper-impregnated metallized carbon contact strip sliding 
against a copper disk. Tribol Int 1999;32:367-78. 

[5] Nagasawa H, Kato K. Wear mechanism of copper alloy wire sliding against 
iron-base strip under electric current. Wear 1998;216:179-83. 

[6] Chen GX, Yang HJ, Zhang WH, Wang X, Zhang SD, Zhou ZR. Experimental study 
on arc ablation occurring in a contact strip rubbing against a contact wire with 
electrical current. Tribol Int 2013;61:88-94. 

[7] Ding T, Chen GX, Wang X, Zhu MH, Zhang WH, Zhou Wx. Friction and wear 
behavior of pure carbon strip sliding against copper contact wire under AC 
passage at high speeds. Tribol Int 2011;44(4):437-44. 

[8] He DH, Manory R, Grady N. Wear of railway contact wires against current 
collector materials. Wear 1998;215:146-55. 

[9] He DH, Manory R, Sinkis H. A sliding wear tester for overhead wires and 
current collectors in light rail systems. Wear 2000;239:10-20. 

[10] Kubota Y, Nagasaka S, Miyauchi T, Yamashita C, Kakishima H. Sliding wear 
behavior of copper alloy impregnated C/C composites under an electrical 
current. Wear 2013;302(1-2):1492-8. 

[11] Bruni S, Bucca G, Collina A, Facchinetti A, Melzi S. Pantograph-catenary 
dynamic interaction in the medium-high frequency range. Veh Syst Dyn Suppl 
2004;41:697-706. 

[12] Bucca G, Collina A. A procedure for the wear prediction of collector strip and 
contact wire in pantograph-catenary system. Wear 2009;266:46-59. 

[13] Usuda T., Ikeda M., Yamashita Y. Prediction of contact wire wear in high-speed 
railways. In: Proceedings of the 9th world congress on railway research. Lille, 
France; May 21-26, 2011. 

[14] Bucca G, Collina A, Manigrasso R, Mapelli F, Tarsitano D. Analysis of electrical 
interferences related to the current collection quality in pantograph-catenary 
interaction. Proc Inst Mech Eng Part F: J Rail Rapid Transit 2011;225 
(5):483-99. 

[15] Collina A, Bruni S. Numerical simulation of pantograph-overhead equipment 
interaction. Veh Syst Dyn 2002;38(4):261-91. 


